Abstract The epidemiologic information regarding international differences in bone mineral density (BMD) in women is currently insufficient. We compared BMD in older women across five racial/ethnic groups in four countries. The femoral neck, total hip, and lumbar spine BMD were measured in women (aged 65-74 years) from the Study of Osteoporotic Fractures (SOF) (5,035 Caucasian women and 256 African American women in the US), the Tobago Women's Health Study (116 Afro-Caribbean women), the Ms Os Hong Kong Study (794 Hong Kong Chinese women) and the Namwon Study (1,377 South Korean women). BMD was corrected according to the cross-site calibration results for all scanners. When compared with US Caucasian women, the age adjusted mean BMD measurements at the hip sites were 21-31 % higher among Tobago Afro-Caribbean women and 13-23 % higher among African American women. The total hip and spine BMD values were 4-5 % lower among Hong Kong Chinese women and 4-7 % lower among South Korean women compared to US Caucasians. The femoral neck BMD was similar in Hong Kong Chinese women, but higher among South Korean women compared to US Caucasians. Current/ past estrogen use was a significant contributing factor to the difference in BMD between US versus non-US women. Differences in body weight partially explained the difference in BMD between Asian versus non-Asian women. These findings show substantial racial/ethnic differences in BMD even within African or Asian origin individuals, and highlight the contributing role of body weight and estrogen use to the geographic and racial/ethnic variation in BMD.
. Comparisons of BMD among international groups may aid in our understanding of the ethnic/geographic variability of fracture risk in women. A wide variation in BMD and fracture incidence exists across female racial/ ethnic groups [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . African American women have been reported to possess a higher BMD than Caucasians in both the spine and femur [3] [4] [5] [6] [7] [8] , and this difference may contribute to the lower fracture rate among African American women [8] . In contrast, Asian women have a similar or lower BMD than Caucasian women [9] [10] [11] [12] [13] . Nevertheless, Asian women possess lower hip fracture rates compared to Caucasian women [7, 9, 14] , perhaps due to their shorter hip axis length [15] and other geometric differences.
Ethnic groups differ by geographical region and cultural background across Asia. According to the Asian Osteoporosis Study (AOS) [7] , the age-adjusted hip fracture rates in women differ across the four Asian countries. However, few studies have been performed in Asia to understand the wide variability in fracture rates. Excluding Chinese and Japanese women, epidemiologic information regarding the BMD of other Asian women and its determinants is scarce. Substantial variation in BMD may also occur within women of African ancestry [16] . It has been reported that [17, 18] older West African women have similar or lower BMD than white British women. Other studies have shown that [19] the degree of European ancestry in African Americans was inversely correlated with BMD.
The majority of epidemiologic studies on racial/ethnic differences in the BMD of women have been confined to a comparison of African American or Chinese women to Caucasian women. The Study of Women's Health Across the Nation (SWAN) [20] is unique in its inclusion of four US ethnic groups (African American, Caucasian, Chinese, and Japanese women) and identified the important role of body weight on the ethnic variation in BMD. To further explore whether similar ethnic variation exists in non-US women and to explore the major factors associated with this variation, we collected datasets from one US [8] and three non-US bone health studies [21] [22] [23] and compared the mean BMD in older women across five racial/ethnic groups: US Caucasian, African American, Tobago AfroCaribbean, Hong Kong Chinese, and South Korean.
Materials and methods

Study subjects and BMD measurements
We employed a cross-sectional design; the datasets included the Study of Osteoporotic Fractures (SOF) [8] , the Ms Os Hong Kong Study (Hong Kong Study) [21] , the Tobago Women's Health Study (Tobago Study) [22] , and the Namwon Study [23] . Details on the recruitment of study subjects and measurements for these studies have been published elsewhere [8, [21] [22] [23] [24] . Briefly, by contacting women from voter-registration lists, the SOF enrolled 9,704 women aged 65 or older at four US clinical settings in Baltimore, MD; Minneapolis, MN; Portland, OR; and the Monongahela Valley near Pittsburgh, PA, from 1986 through to 1988 [8, 24] . Six hundred and sixty-two African American women were enrolled in the SOF at a later visit (1997-98). There were 8,074 Caucasian and 647 African American women who had a technically adequate hip BMD measurement. BMD was measured using Hologic QDR 1000 (Hologic Inc., Bedford, MA, USA) (for Caucasian and African American women) or 2000 scanners (for African American women). The Hong Kong Study enrolled 2,000 Chinese women aged 65 or older between 2001 and 2004 through recruitment notices placed in community centers [21] . Among these women, the BMD values for 1,226 were measured by two Hologic QDR 4500W (Hologic Inc., Bedford, MA, USA) scanners included in the calibration procedure for the current study. The Tobago Study enrolled 340 Afro-Caribbean women aged 50 or older (n = 116 women aged 65-74) from the Caribbean Island of Tobago in 2002 [22] . The methods of recruitment were flyers and word-of-mouth referral by research staff and male participants in the Tobago Prostate Cancer Survey Study [25] . The BMD values of these women were measured using a Hologic QDR 4500W (Hologic Inc., Bedford, MA, USA) scanner. In the Namwon Study, 6466 Korean women aged 45-74 were recruited from Namwon City, South Korea between 2004 and 2007 through mailings and telephone calls based on the list of officially registered residents [23] . Focusing on women aged 65-74, there were 1,969 Korean women who had a femoral neck, total hip, or lumbar spine BMD measurement by DPX Bravo (n = 584) (GE, Madison, WI, USA) or Lunar Prodigy (n = 1,385) (GE, Madison, WI, USA) scans. Only the Lunar Prodigy was available for the cross-calibration procedure. Thus, we limited our study to the 1,385 Korean women scanned on the Lunar Prodigy.
All recruited subjects were able to walk without the assistance of another person. An assistive device was permitted. All of the study subjects provided informed consent, and each study was conducted in accordance with the guidelines of the Declaration of Helsinki. Each study was approved by the appropriate institutional research ethics committee in their respective centers.
The total hip, femoral neck, and lumbar spine BMD (g/ cm 2 ) were measured in each racial/ethnic group excluding the spine BMD, which was not measured in African American and Afro-Caribbean women. All BMD scans were conducted using standardized procedures following the manufacturer's recommended protocols. Longitudinal quality control was performed daily with a spine phantom and showed no shifts or drifts in each study site.
For the current study, we restricted our analyses to women aged 65-74 years, who had a BMD measurement at the femoral neck, total hip, or lumbar spine with complete age, body weight, and height data. The final dataset included 5,035 subjects for femoral neck or total hip BMD (4,998 subjects for lumbar spine BMD) among US Caucasian women; 256 African American women and 116 Afro-Caribbean women had a femoral neck and total hip BMD; 794 subjects for femoral neck or total hip BMD (786 subjects for spine BMD) among Hong Kong Chinese women; and 1,377 subjects for femoral neck or total hip BMD (1,319 subjects for spine BMD) among Korean women.
Cross-calibration of scanners
The Musculoskeletal and Quantitative Imaging Research Group at the University of California, San Francisco (UCSF) cross-calibrated all scanners using the Hologic spine, femur, and block phantoms. Details on the crosscalibration studies for each DXA scanner, excluding those for SOF, were previously described [23] . The scanners for Tobago, Hong Kong, and Korean women in the current study were identical to those of our previous study in men [23] . Briefly, for the cross-calibration study, phantom BMD results were first converted to standardized BMD (sBMD) [26] . The same phantoms were used for the crosscalibration on the scanners of SOF. To derive the linearity of each machine, linear regression was used to analyze the block phantom results. The ratio between the study site and the reference site (reference site/measurement site) for sBMD was then calculated. An analysis of variance (ANOVA) with a Dunnett's test was applied to determine the mean sBMD differences between the study site and the reference site. If the sBMD for a study site was significantly different from the reference site, the ratio was used as the cross-calibration factor for each specific scan type. Otherwise the cross-calibration factor was set to 1.
Using these results, we corrected the participant spine, total hip and femoral neck BMD values: scanner specific raw BMD values were converted to sBMD values [26] , and then the sBMD values were adjusted with the cross-calibration factors.
Other measurements
Information on the demographics, lifestyle, and reproductive and medical history were obtained by trained interviewers with questionnaires in each study.
In the SOF, Hong Kong Study, and Namwon Study, the race/ethnicity of subjects was self-declared. In the Tobago Study, the study subjects provided detailed information on the ethnic ancestry of their parents and grandparents. All of the Tobagonian women reported four African ancestry grandparents.
Smoking status was categorized as current, past, or never, and lifetime smoking levels were computed as pack-years. Current alcohol consumption was calculated as drinks per week. Dietary calcium intake was calculated by food-frequency questionnaires specific for each country, i.e., the modified versions of the Block Food Frequency Questionnaire in SOF [27] , Hong Kong Study, and Tobago Study [28] , and the food-frequency questionnaire developed for the Korean Genome Epidemiologic Study [29] in the Namwon Study.
All studies collected information on the age of the last menstrual period, the current and past use of oral estrogen, and physician-diagnosed medical conditions including diabetes mellitus, hypertension, coronary heart disease, and hyperthyroidism.
Body weight was measured in indoor clothing or a light gown without shoes using a calibrated Inbody 3.0 (Biospace Co., Korea) in the Namwon Study, and calibrated balanced beam scales in the SOF, Hong Kong Study, and Tobago Studies. Standing height was measured using a wall-mounted stadiometer in each study. Body mass index (BMI) was calculated by dividing body weight (kg) by square height (m 2 ). The grip strengths was measured in both hands using the Jamar handheld dynamometer (JA Preston Co., Jackson, MI, USA) in the SOF and Tobago Studies; the Preston grip dynamometer (Takei Kiki Kogyo, Japan) in the Hong Kong Study; and the TKK 5401 Grip-D (Takei, Japan) in the Namwon Study. The average values of left and right grip strength were calculated.
Statistical analyses
Descriptive data for the major characteristics and BMD values were expressed as the percentage or mean ± standard deviation (SD). BMD was compared across racial/ ethnic groups following the adjustment for age only, for age and body weight, and for age, height, and body weight using general linear models (GLM). In addition to these variables, we examined grip strength, smoking, current alcohol consumption, dietary calcium intake, years since last menstrual period, past and current use of oral estrogen, and physiciandiagnosed medical conditions as potential confounders. When these variables were separately included in the previous GLM including age, height, and body weight, the majority of variables excluding coronary heart disease and hyperthyroidism were significantly (p \ 0.05) associated with femoral neck BMD. We selected those significant variables as covariates for inclusion in the full model. The least square mean BMD (LSM) for each racial/ethnic group was estimated by the multivariable GLMs and the percentage differences in LSMs between US Caucasian women and other racial/ethnic groups were calculated. The analysis was performed for all subjects and sensitivity analysis in subjects with no history of estrogen use. A Tukey-Kramer adjustment was applied to correct for pairwise comparisons. The results were considered statistically significant when p B 0.05. The SAS software version 9.2 (SAS Institute, Cary, NC, USA) was used for all statistical analyses. Table 1 shows the demographic and lifestyle characteristics across the racial/ethnic groups. Compared with US Caucasian women, African American women were slightly older and had a greater number of years since menopause; AfroCaribbean, Hong Kong Chinese, and South Korean women were slightly younger and had a lower or similar number of years since menopause. Afro-Caribbean women were taller and had a higher body weight than both US Caucasian and African American women, although the latter was not significant due to the smaller sample size. There was a larger number of current or past smokers among US women (Caucasian and African American women) compared to non-US women, and no current smokers among Afro-Caribbean women were recorded. US Caucasian women reported more alcohol consumption compared to other groups. The dietary calcium intake was greatest in US Caucasian women, and much lower in AfroCaribbean and Korean women compared to other groups. US women used a higher level of oral estrogen compared to the other groups. Both African ancestry groups were more likely to report diabetes and hypertension, and US Caucasian and African American women were more likely to report coronary heart disease and hyperthyroidism (Table 1) .
Results
Demographic and lifestyle characteristics
Differences in BMD among racial/ethnic groups Table 2 shows the mean BMD values at the femoral neck, total hip, and lumbar spine among the racial/ethnic groups. Figures 1 and 2 present the percentage differences in the mean BMD at each site among the racial/ethnic groups compared with Caucasians.
When compared with US Caucasian women, the age adjusted mean BMD values at the femoral neck and total hip were 21.3-30.9 % higher among Afro-Caribbean woman and 13.1-22.7 % higher among African American women, respectively. The total hip and spine BMD values were 3.9-5.4 % lower between Hong Kong Chinese woman and 4.3-7.0 % lower among South Korean women compared to US Caucasians. The femoral neck BMD values were similar among Hong Kong Chinese women and higher among South Korean women, compared to US Caucasians ( Table 2 ; Fig. 1) .
The additional adjustment for body weight attenuated the differences in the mean BMD (5.4-6.2 % point change) between US Caucasian women and African American or Afro-Caribbean women, but the differences remained f Adjusted for age, weight, height, grip strength, smoking amount, current alcohol consumption, dietary calcium intake, years since last menstrual period, diabetes mellitus and hypertension significant. The body weight adjustment strengthened the differences in the femoral neck BMD values (7.0-8.1 % point change) between US Caucasian women and Asian ethnic groups, and reversed the differences in the total hip or spine BMD values (7.6-9.3 % point change) ( Table 2 ; Fig. 2 ). Afro-Caribbean women had a higher adjusted BMD at all sites compared to African American women regardless of the adjustment for body weight. Compared to Hong Kong Chinese women, South Korean women displayed higher femoral neck and spine BMD and lower total hip BMD. The adjustment for age, weight, and height also displayed similar findings ( Table 2 ).
The additional adjustment for other factors (grip strength, smoking levels, current alcohol consumption, dietary calcium intake, years since last menstrual period, diabetes mellitus, and hypertension) showed relatively minor changes (-1.3 to 1.4 % point) to the differences in BMD between Caucasian women and each racial/ ethnic group (Table 2; Fig. 3 ). When excluding current or past oral estrogen users, the percentage difference in the mean BMD from US Caucasian women was generally larger at all sites measured in both Afro-Caribbean and Asian women (1.8-3.8 % point change) ( Table 2 ; Fig. 3 ). 31:190-198 195 Discussion Bone mineral density is a strong and consistent predictor of fracture risk among postmenopausal women [1, 2] . Therefore, current findings on the racial/ethnic and geographic differences in BMD have important implications for improving our understanding of the ethnic/geographic variability for fracture risk. When using the FRAX Ò tool [30] to calculate the major osteoporotic fracture risk with a mean BMD at the femoral neck in each ethnic group, if all subjects are 160 cm in height, 67.6 kg in weight, and 70 years old without other risk factors, the 10-year probability of fracture is 11.0 % in US Caucasian women, 3.7 % in African American women, 8.4 % in Hong Kong women, and 6.2 % in South Korean women. A probability of 3.3 % exists for Tobago Afro-Caribbean women using the FRAX Ò tool for African Americans. The large differences (23-31 %) in the age adjusted femoral neck BMD between African and Caucasian ancestry may contribute to the lower fracture risk among women of African ancestry. However, a paradox in the relationship of BMD and fracture risk between Asian and Caucasian women exists: lower or similar BMD values, but lower fracture rates among Asian women have been reported. Reported hip fracture rates among Hong Kong [7] and South Korean women [31] aged 60 to 79 are lower than US Caucasian women in the same age group. This paradox may in part be attributable to a more favorable hip geometry [32, 33] , greater cortical thickness, higher trabecular volumetric BMD [34] , and less frequent falls [35, 36] among Asian compared to Caucasian women. In addition to these findings, this study demonstrates that a higher femoral neck BMD adjusted for age in Korean women compared to Caucasian women may explain, in part, the lower fracture rates among Korean women.
Many studies [10] [11] [12] 37] have reported that the hip or spine BMD is similar between Caucasian and Asian women when adjusting for body size. In particular, the National Osteoporosis Risk Assessment (NORA) study [9] and SWAN [20] demonstrated the important role of body weight on the differences in BMD between US Caucasian and Asian women. In this study, similar to previous findings, adjustment for body weight decreased or reversed the differences in the total hip or spine BMD between Asian and non-Asian women. This phenomenon could be explained by the weight-bearing effect. A large difference in the range of body weight exists between Asian and nonAsian groups. The racial/ethnic variation in the mechanical stress of muscle mass may also explain the phenomenon. In general, Asian women display a lower lean mass compared to Caucasian women [38] .
It is well known that women using postmenopausal hormone therapy have a higher BMD and experience slower rates of bone loss and fewer fractures compared to non-users [39] [40] [41] . In the current study, US women reported a higher prevalence of estrogen use compared to non-US women. The inclusion of estrogen users tended to modestly underestimate the ethnic differences in BMD between US and non-US women, and thus may be a confounder in the ethnic comparison of BMD among postmenopausal women. To our knowledge, this is the first study to demonstrate the contribution of the prevalence of estrogen use to differences in BMD between US and other women.
Substantial racial/ethnic differences in the BMD values within African or Asian ancestry groups were observed. The relatively higher hip BMD among Afro-Caribbean women compared to African American women could be explained by several factors. Afro-Caribbean women all reported that their parents and four grandparents were of African ancestry and thus possessed little or no European admixture. The higher weight-bearing activity due to the lower industrialization in Tobago compared with African American women in the US may additionally contribute [42] . In addition, Afro-Caribbean women are more likely to experience greater sun-exposure due to the lower latitude and higher levels of outdoor activity. Indeed, we published higher 25(OH)D among Tobago men [43] . However, factors that underlie the difference in BMD between Hong Kong Chinese women and South Korean women are not clear. As the magnitude of BMD differences between both groups only slightly differed after adjustment for lifestyle factors; therefore, genetic factors rather than lifestyle may play a more significant role.
We previously reported ethnic differences in men's BMD [23] with a design similar to the current study. Results are similar in men and women; however, the magnitude of difference between Asian women and Caucasian women is smaller than that observed in men. The magnitude of BMD differences between African American women and Caucasian women is larger. Finally, in the analysis we demonstrated the contributing role of estrogen use to the difference in BMD between US and non-US women.
Several potential limitations exist in this study. Our findings were limited to women aged 65-75 and may not be generalizable to other age groups. However, our results are consistent with the SWAN ethnic comparisons of BMD in women aged 42-50 [20] . Subjects in the SOF and Namwon Study were recruited from population-based listings, but the Tobago Study and Hong Kong Study relied on word-of-mouth and posters. Hence, Tobago and Hong Kong women may over-represent healthy subjects. We could not adjust BMD for physical activity as the questionnaires differed across the studies. The comparison of dietary calcium intake between ethnic groups may be inaccurate as the food frequency questionnaires are specific for each country. We were unable to directly correct for the possible confounding effects of bone size, although the adjustment for height and weight may in part correct this effect. The values of BMD may have been underestimated in Asian, Afro-Caribbean, and African American women compared to Caucasian women. In several studies [44, 45] , bone mineral apparent density (BMAD) measurements have been used to correct for differences in bone size. However, recent evidence [46] suggests that the BMAD may not address bone size differences appropriately when the race/ethnic groups differ in body size. Finally, the manufacturer of the DXA scanner for Korean women differed from that of the other racial/ethnic groups. Lunar scanners are more likely to overestimate BMD, while Hologic scanners underestimate the values [47, 48] . To remove this inherent bias, we used sBMD [26] in the crosscalibration procedure.
Our findings display substantial racial/ethnic differences in BMD within African or Asian ancestry individuals, and highlight the contributing role of body weight and estrogen use on the geographic and racial/ethnic variations in BMD.
